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Skin from the back of guinea pigs was prepared for x-
ray microanalysis by rapid freezing and cryosectioning; 
sufficient ultrastructural detail could be seen in the 
STEM-mode without staining. X-ray microanalysis in 
the electron microscope showed the sulfur concentration 
to be highest in the stratum corneum and to decrease 
towards the stratum germinativum. The phosphorus 
concentration was very low in the stratum corneum, 
increased sharply in the stratum granulosum and re-
mained at a high level throughout the rest of the epider-
mis. The distribution of potassium followed that of phos-
phorus. The sodium level was low in the stratum cor-
neum and increased sharply in the stratum granulosum. 
The potassium to sodium ratio was highest in the stra-
tum germinativum. The calcium and magnesium levels 
in the epidermis were low. Our results show the exist-
ence of marked concentration gradients for many ele-
ments in the skin. X-ray microanalysis is a method which 
can be applied to the study of shifts in the concentrations 
of physiologically important elements in the different 
strata of mammalian skin. 
The primary function of the epidermis is to constitute a 
barrier preventing the loss of water from the organism a nd the 
entrance of foreign material into the organism. The reaction of 
the keratinocytes of the epidermis is monotonous in relation to 
different kinds of physical and ch emical damage [1]. Quantita-
tive analysis of elemental distribution in the skin may t herefore 
provide new insight into the effects of primary i.rritants and 
delayed hypersensitivity. 
Only few x-ray microanalytical studies have been carried out 
on human and mammalian skin. Generally these have dealt 
with elements that are firmly bound to tissues under normal as 
well as under pathological conditions [2-5]. Percorneal penetra-
tion h as also been investigated by x-ray microanalysis in the 
scanning electron microscope on series of surface skin biopsies 
[6]. Since conventional preparation techniques for electron 
microscopy seriously disturb the electrolyte distribution in skin 
[7], virtually nothing is known about the electrolyte distribution 
in mammalian skin. Hence, the possibility of using cryosections 
fol' x-ray microanalysis of mammalian skin was investigated. 
Since guinea pigs have been freque ntly used in skin allergy 
studies, this animal was selected for our first experiments. The 
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Abbreviations: 
STEM: scanning-transmission electron microscope 
results obtained provide a background for further analy is of 
shifts in the concentration of physiologically important ele-
ments in the different strata of the epidermis. 
MATERIALS AND METHODS 
Spotted guinea pigs with a weight of about 3()() g were used. The 
animals were deeply anesthetized with sodium pentobarbital, and skin 
was removed from the back. Small pieces of skin were excised, mounted 
on silver pins and immediately frozen in Freon subcooled to -190°C 
with liquid nitrogen, or in solid nitrogen at -210°C, without the use of 
cryoprotectants. Thin (100 nm) sections were cut with an LKB Ultro-
tome V provided with an LKB Cryo}Gt at a speCimen temperature of 
-140°C and a knife temperature of -100°C. The sections were cut and 
collected dJ·y, i.e., without the u e of a trough liquid. The sections were 
cut perpendicular to the skin urface. 
Sections were collected on one-hole copper grids, freeze-dried at 
-100°C in the CryoKit, carefully warmed to room temperature, coated 
with a thin aluminum layer to improve their stabili ty under the electron 
beam and kept under vacuum until analysis. The sections were viewed 
in the scanning-transmission (STEM) mode and analyzed at an ac el-
erating voltage of 80 kv, using a tilt angle of 40°, for 200 sec. The 
analysis was carried out in the spot mode, and under these conditions 
the spatiall'esolution of analysis is about equal to the section thickne s 
of about 100 nm. To minimize external background, a cru'bon specimen 
holder was used [8]. 
Quantitative analysis was carried out with the help of gelatin/ glyc-
erol standards containing known amounts of mineral salts; these stan-
dards were frozen and sectioned in the same way as the specimen r9l 
Methods for quantitative analysis of thin (cryo)sections have been 
described in detail elsewhere (10). 
RESULTS AND DISCUSSION 
Compared to other analytical methods such as neutron acti-
vation, x-ray microanalysis in the electron microscope has a 
lower absolu te sensitivity [10-12). It is therefore not to be 
regarded as a method for the detection and assessment of trace 
elements. On the other hand it allows a spatial r esolution of the 
analyzed tissue volumes which makes it possible to detect 
gradients of physiologically important elements such as potas-
sium, sodium, chlorine, calcium [10]. This can be done in- and 
outside such small compartments as a mitochondrion. Conse-
quently it allows important physiological gradients to be studied 
within a single cell as well as gradients between the intra- and 
extracellular compartments. Furthermore, the x-ray microanal-
ysis technique is a method for simultaneous elemental assess-
ment. Thus, one of its main advantages is that a direct com-
parison between physiologically interdependent elements such 
as sodium and potassium can be made within the same and 
defined subcellular volume of tissue. It is obvious that this kind 
of analysis is po sible only when the diffusion of (ionized) 
elemental specie is definitely inhibited already at the very first 
stage of the preparation sequence. Shock-freezing followed by 
low-temperatme sectioning and freeze-drying is therefore im-
perative. 
In the STEM mode, the sections could be imaged without 
any further staining, and sufficient ultrastructural detail could 
be observed to allow unequivocal identification of different 
strata (Fig 1). Ice-crystals were generally absen t in the rela tiveJy 
dehydrated epidermis, but could be found in the dermi 
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The points for x-ray microanalysis were selected in such a 
way that the analysis comprised complete cross-sections of the 
epidermis with th e last measuring points just below the basal 
lamina in the dermis. Figure 2 shows the data for the concen-
trations of phosphorus, sulfur, potassium, and sodium (in 
mmol/kg dry weight). The most striking feature is the very 
marked concentration gradient for phosphorous, sodium, and 
potassium over the stratum granulosum. No significant differ-
ences could be observed between measurements carried out 
over the nucleus and those outside the nucleus in stratum 
spinosum and stratum germinativum; hence, the values from 
both locations have been pooled. In the Table, a survey is given 
over the concentrations of elements (mmol/kg d1'Y weight) 
detectable by x-ray microanalysis in the different strata of the 
epidermis. Significant differences in elemental concentrations 
between strata could be demonstrated. 
T he highest levels of sulfur are, not unexpectedly, found in 
FIG 1. STEM micrograph of a dry cryosection of guinea-pig skin. C, 
Stratum corneum; C, stratum granulosum; S, stratum spinosum; CE, 
stratum germinalivum; D, dermis. In the dermis. ice-crystal damage 
can be observed (asterisll) . 
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FIG 2. E lemental concentrations in a cryosection of guinea-pig skin: 
phosphorus (P), sulfur (S) , potassiu m (K) a nd sodium (Na). The graph 
is taken from a representative experiment, each point is the average of 
triplicate measurements. All concentrations are in mmol/kg dry weight. 
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E lemental composition of the strata of guin ea·pig epidermis 
Stratum Stratu m S tratum S tra tum 
corneum granulosum spinosum genninulivul11 
Na 34 ± 6 160 ± 31" 374 ± 15" 313 ± 19" 
M g 21 ± 5 55 ± 12" 66 ± 11 44 ± 10 
P 24 ± 8 186 ± 29" 446 ± 23" 575 ± 29" 
S 139 ± 7 134 ± 11 76 ± 7" 89 ± 17 
Cl 224 ± 8 223 ± 7 211 ± 21 206 ± 23 
K 46 ± 7 217±18" 560 ± 22" 598 ± 22 
Ca 25 ± 4 23 ± 4 27 ± 5 22 ± 6 
M ean and SEM of 8-12 measurements in each layer. 
" Indicates a s ignificant difference (p < 0.02) between this stratum 
a nd the previous (from 'outside to ins ide) stratum. 
Dala given as mmol/kg dry weight. 
the stratum corneum and stratum granulosum; this is consistent 
with the increase in the amount of the fibrous protein, keratin, 
and the development of the marginal band . 
The remarkable distribution of phosphorus can partly be 
accounted for by the work of Gray and co-workers on epidermal 
phospholipids [13,14)' They have shown that the phospholipid 
content is highest in the stra tum germinativum region to de-
crease over the stratum spinosum and the stratum granulosum 
towards the stratum corneum which is virtually free of phos-
pholipids. Recently, a histidin-rich protein of the epidermis has 
been identified as a phosphorylated, high-molecular-weight 
protein (340,000 dalton) [15] which is broken down into smaller 
species by dephosphorylation mainly in the stratum granu-
losum [16). Furthermore, the sharp decrease of the phosphorus 
concentration in the stratum granulosum may also in part 
ret1ect the loss of nucleic acids from keratinocytes. Some of the 
phosphorus may be redistributed after being set free during 
catabolic processes involved in the decrease of the phospholipid 
levels. 
The electrolytes potassium and sodium occur in a normal 
ratio in the stratum germinativum. In the stratum spinosum 
the potassium to sodium ratio is markedly lower, mainly due to 
a significant increase of the sodium concentration. This may 
indicate an impairment of the cellular metabolism resulting in 
less efficient pumping of sodium ions out of the cell , or even the 
beginning of cell death. It has been shown [17] that during cell 
death cellula r sodium levels increase and potassium levels de-
crease. The tentative idea that cell metabolism is suboptimal in 
stra tum spinosum cells as compared to stratum germinativum 
cells is supported by the morphological findings of the irritant 
effect of, e.g., ch.romium, which leaves the stratum spinosum 
cells comparatively normal, whereas it destroys the stratum 
germinativum cells as seen in the transmjssion electron micro-
scope [I). This would mean that the toxic effect is more pro-
nounced in optimally metabolizing cells than in 'uboptimally 
metabolizing cells. 
The levels of sodium and potassium decrease markedly .in the 
stratum germinativum. It should be pointed out, however , that 
our results are here given as mmol/kg dry weight. S ince dry 
weight per unit area increases because the wate)' content of the 
epidermis probably decreases towards the stratum corneum, 
our results do not at all exclude the possibility that the ion 
gradients in the epidermis may be the reverse of the impression 
obtained ii'om Fig 2, in terms of ion activities (related to cell 
water content) . This would then allow diffusion of sodium and 
potassium towards the dermis, rather than thei.r removal by the 
unlikely route through the stratum corneum. 
The chlorine levels in ou1' experiments cannot be cOlTelated 
to the sodium and potassium levels, and appear especially in 
the stratum corneum and stratum granulosum remarkably high . 
However, chlorinated hydrocarbons that occur in the electron 
microscope column may contaminate specimens during x-ray 
microanalysis [18). Since sulfhyd1'yl groups are known to bind 
chlorinated hydrocarbons relatively easily, and the epidermis is 
rich in such groups, skin may be regarded as a particularly 
chlorine-avid tissue. The chlorine levels recorded thus represent 
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the intrinsic chlorine content of the epidermal strata with the 
contamination chlorine added to it. 
The concentrations of calcium and magnesium in the skin ru·e 
low compal·ed to the electrolytes mentioned above. Since mag-
n esium is often bound to nucleic acids, the decrease of magne-
sium towards the stratum corneum may parallel the distribu-
tion of phosphorus. 
The prepru·ation technique used in this study allows studies 
of elemental distribution in mammalian skin to be cru-ried out. 
Considerable gradients of diffusible ions were shown to be 
retained over relatively small distances, e.g., the stratum gran-
ulosum. The present study of normal guinea-pig epidermis has 
thus shown that the x-ray microanalysis method is sensitive 
enough to reveal changes in the electrolyte distribution within 
different strata of the epidermis. Such changes may serve as 
probes for the morphological changes induced in the epidermis 
by physical or chemical means, in analogy with studies per-
formed on other tissues in abnormal conditions [17]. This 
technique thus constitutes a quantitative method in addition to 
morphological studies. 
The technical assistance of Ms. Mm·ianne Mathies is gratefully 
acknowledged. 
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